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Abstract
Ammonia-based CO2 capture process is a one of the promising technologies for CO2 mitigation in the industrial and 
power sector. Even though the process has many advantages compared with amine based CO2 capture processes, such 
as low reaction heat, low corrosiveness, and low chemical cost, it has received lesser attention than the amine
processes. One of the important reasons is ammonia slip caused by the intrinsic nature of its high volatility. Many 
studies have been conducted to reduce ammonia slip, but few studies have been considered property changes such as
heat of reaction, overall mass transfer coefficient and transfer capacity, comprehensively. To reduce ammonia slip, in
this study, three additives have been tested. The property changes with additives were examined regarding ammonia
vaporization, heat of reaction, overall mass transfer coefficient, and transfer capacity. According to the results,
additives were effect in reducing the ammonia vaporization without any significant change on CO2 adsorption 
properties. Under laboratory conditions the most effective additive was additive A based on higher CO2 loading 
capacity, and less influence on reaction heat and mass transfer coefficient. For more practical evaluation, 
comprehensive studies including physic-chemical property changes in field conditions should be regarded.
© 2013 The Authors. Published by Elsevier Ltd.  
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Global warming has been considered one of the most serious environmental problems in the 21th 
century [1]. There is a general consensus among the scientists that the climate change is caused by 
increment of anthropogenic CO2 emission from many stationary sources such as power station, iron & 
steel making industries, cement production and petrochemical industries. Therefore many technical efforts 
to reduce the CO2 emission have been introduced and developed in these industries.  
Even though, several options for the reduction of CO2 emission have been proposed including the use 
of alternative fuels and improvement of energy efficiency, CO2 capture technologies using chemical 
solvent, absorbent and membrane are considered the most applicable technologies. Among them, the 
chemical absorption process has been extensively studied and accepted as a cost effective method for CO2 
capture [2-9]. In particular, the amine solution such as monoethanolamine (MEA) has been widely used 
for CO2 capture, but their high regeneration energy requirement, low CO2 absorption capacity, easier 
oxidative/thermal degradation properties, corrosive nature are drawbacks for commercialization [4]. 
Recently, ammonia solution as an alternative amine solution has been studied because it has several 
advantages such as low regeneration energy and temperature, low corrosive and high CO2 absorption 
capacity [4, 6-9].  
The ammonia-based CO2 capture process has various advantages compared to the amine process; 
however, it might be generally true that the ammonia process has received lesser attention than the amine 
process. One of the important reasons is ammonia slip caused by the intrinsic nature of its high volatility. 
Some efforts to suppress the vaporization have been conducted such as cooling down of flue gases and 
absorbent solution (Chilled Ammonia Process in Alstom) [3], utilizing gases ammonia as a chemical 
feedstock for SOx removal (ECO2 process in Powerspan) [10], and washing with washing water (RIST 
process) [6-8]. While these methods are partially effective, these might increase operation cost. Another 
approach for suppression of ammonia vaporization is adding some additives. The major factors to be 
considered in selecting the additives are 1) reaction heat or regeneration temperature, 2) CO2 absorption 
capacity, 3) mass transfer rate, 4) reuse in the process and 5) the chemical cost.  
In this study, we examined not only the effects of additives for suppression of ammonia using 
suggested additives but also physic-chemical property changes such as heat of reaction, overall mass 
transfer capacity and transfer capacity. 
Comprehensive studies on the property changes of ammonia solution with additives would be required 
since the additive studies so far have been only focused on preventing of ammonia losses and chemical 
reactions between ammonia and additive. 
 
2. Experimental 
2.1 Materials 
The absorbents were prepared using concentrated ammonia solution (25~28wt%, Samchun Chemical) 
as main absorbent and ethyleneglycol (EG; HOCH2CH2OH), glycerol (GLY; CH2OHCH(OH)CH2OH)), 
and additive A as additives. As a reference absorbent, monoethanolamine (MEA) and 2-amino-2-methly-
1-propanol (AMP) were used. The concentrated ammonia solutions were properly diluted with de-ionized 
water up to 5 wt% and 7 wt% and prepared with or without 1 wt% additives except for additive A. In case 
of additive A, 0.5g/L of additive A was added into ammonia solution due to their water solubility. 
2.2 Ammonia slip test 
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Ammonia slip test was carried out using bubble column reactor with the each ammonia solution. The 
sparging gas (N2 gas) was supplied with a rate of 500 sccm (standard cubic centimeter per minute) to 
bubble column reactor. The concentration of ammonia in the outlet gas was determined using detection 
tube (Gastec, Japan) for every 5 minutes. Fig. 1 shows the schematic diagrams for ammonia slip test 
using 250 mL bubble column reactor. 
 
 
Fig. 1. Schematic diagram for ammonia slip test 
 
2.3. Overall mass transfer coefficient 
Wetted wall column experiment is used for the measurement of the overall mass transfer coefficients 
[11]. From the measurement of the molar flux of CO2 molecules from the gas phase into the liquid phase 
and the CO2 partial pressure, the overall mass transfer coefficient can be determined.  
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Where, the subscripts in, out are the gas flow to and from the wetted wall column, respectively. In the 
graphical representation, the abscissa denotes the mean partial pressure of CO2 and the ordinate represents 
the molar flux of CO2 into liquid phase. KG is obtained from the slope of the linearly fitted equation. An 
experimental apparatus of wetted wall column was set up to characterize the absorption properties of 
chemical absorbents as depicted in Fig. 2. The height and diameter of wall column were 95mm and 
12.6mm, respectively.  
 The feed gas of 5 to 25 % of CO2 (balance N2) at 20  was used as the model gas of exhaust flue gas. 
The inlet gas pressure was slightly higher than the atmospheric pressure. The gas flow rate was 
maintained at 1000 sccm, while that of liquid was 40 ml/min. The flow rates of N2 and CO2 were 
controlled using mass flow controller (KMP, South Korea). Pressures were measured at the inlet and 
outlet of the gas absorption apparatus with digital pressure gauge (Fühler testo 526). The gas 
concentration of CO2 was measured using CO2 analyzer (Model 906, Quantek Instruments, USA). Total 
volume of unabsorbed gas was measured using a wet gas flow meter (Ritter TG1/5, Germany). The liquid 
flow rate was controlled with a peristaltic pump (Masterflex L/S, Cole-Palmer Instruments). The 
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temperatures, pressures and concentration of the outlet gas were recorded with a mobile recorder 
(MV100-12 channels, YOKOGAWA, Japan) [12]. 

Fig. 2. Schematic diagram of apparatus for overall mass transfer coefficient measurement 
 
2.3. Heat of reaction 
The heat of reaction caused by the reaction between CO2 and the absorbent solution has been measured 
using reaction calorimeter (RC1e, Mettler Toledo)(Fig. 3). Pure CO2 was fed to the reaction vessel as the 
inlet gas and the flow rate was controlled by a mass flow controller at 500 sccm. CO2 molecules react 
with the absorbent solution in the reaction vessel. The absolute heat generation has been calculated by 
graphical integration. The absorbed amount of CO2 into the absorbent has been measured with drum-type 
gas meter (Ritter, TG1/5). Note that the absorbed amount of gas does not purely represent the chemically 
bound molecules. The absorbed amount of CO2, then was converted to the amount of mole-basis. 
Therefore, the reaction heat of absorbent solution has been obtained using the absolute heat and the 
absorbed amount of CO2 on a molar basis. 
 
 
Fig. 3. Photo of a reaction heat measurement system (RC1e) 
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2.4. Transfer capacity 
Vapor Liquid Equilibrium (VLE) is often used to evaluate the transfer capacity between absorber and 
stripper. When additives were added into ammonia solution, the transfer capacity of absorbent for CO2 
would be changed. The VLE test was carried out using prepared ammonia solutions under 30oC and 70oC. 
During the VLE experiment, the temperature was controlled using temperature controlled water baths. 
Temperatures and pressures of the reactors in reservoir and absorption parts were continuously monitored 
and recorded (Fig. 4). Using these data, the absorbed amount of CO2 into absorbent was calculated.  
 
 
Fig. 4. Schematic diagram for VLE apparatus 
 
 
3. Results and Discussions 
3.1 Ammonia slip test 
A major problem of the ammonia based CO2 capture process is ammonia slip due to its intrinsic nature. 
To suppress ammonia vaporization, many researchers were conducted with various additives. In this 
study, EG, GLY and additive A were examined. The additives have a primary role to suppress ammonia 
vaporization. Therefore in order to evaluate the effectiveness of additive, ammonia slip test were 
conducted. While 3.3 v/v% of ammonia was detected in outlet gas for 5 wt% ammonia solution without 
any additive, 3.1 v/v% of ammonia was detected at the most with additives (Fig. 5.). Consequentially, all 
tested additives played as the suppressor of ammonia vaporization. The additives have a good 
performance for ammonia suppression and should not or less affect physic-chemical properties of 
ammonia solution such as heat of reaction, overall mass transfer coefficient and transfer capacity. 
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Fig. 5. The results of ammonia slip test 
 
3.2. Overall mass transfer coefficient 
Experiments to measure overall mass transfer coefficient of absorbents with different additives were 
conducted. From the plots of the CO2 flux vs. partial pressure of CO2, we obtained the overall mass 
transfer coefficients. The experimental results using the wetted wall column apparatus are represented 
(Fig. 6) and summarized in Table 1. It was found that the overall mass transfer coefficient of ammonia 
solution with GLY was the largest value, while unmixed ammonia solution had the lowest. The overall 
mass transfer coefficient of ammonia solution was slightly increased with additives; however, the degree 
of the increment of mass transfer coefficient was negligible practically. Therefore, we concluded that 
additive did not significantly affect to overall mass transfer coefficient. 
 
 
Fig. 6. The results from wetted wall column experiments 
Table 1. Overall mass transfer coefficient 
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Absorbents KG  
(x10-10kmol/s m2 Pa) 
R2 
5 wt% Ammonia solution 3.69 0.995 
5 wt% ammonia + 1 wt% Glycerol 5.22 0.996 
5 wt% ammonia + 1 wt% Ethylene Glycol 3.76 0.983 
5 wt% ammonia + 0.5 g/L additive A 4.94 0.974 
 
3.3. Heat of reaction 
It is generally accepted that regeneration energy in the regeneration column accounts for the largest 
portion of the total required energy for the CO2 capture process. Enthalpy terms associated with the 
regenerations are the sensible heat of absorbent solution, evaporation energy, and the absorption heat. In 
order to estimate the regeneration energy, a reaction calorimeter was often used. In this study, we 
measured reaction heats as various additives added. For comparing reaction heat among different 
absorbents, we also tested reaction heat of MEA and AMP.  
The reaction heats of each solution were calculated according to the absorbed amount of CO2 in the 
solutions and the results were represented in Fig. 7. The heat of reaction was obtained 87.5 kJ/mol-CO2 
for MEA and 82.8 kJ/mol-CO2 for AMP at 0.2 mol-CO2/mol-absorbent, respectively. For the ammonia 
solution, 67 kJ/mol-CO2 was obtained at the 0.32 mol-CO2/mol-NH3. As loaded amount of CO2 in the 
ammonia solution increased, the reaction heat was somewhat decreased to around 58 kJ/mol-CO2 at 
loaded amount of above 0.60 mol-CO2/mol-NH3. The tendency of the heat of reaction value changes 
according to the loaded amount of CO2 in the each absorbent was similar to each other. The decrement of 
heat of reaction as increasing loaded amount of CO2 in the absorbent has been also reported by Kim and 
Sevendsen [13]. The reaction heat, however, do not significantly influence by the additives based on the 
results. It might be caused that the CO2 molecules did not react with additive so the reaction heat did not 
generated during the absorption reaction. Therefore we can conclude that the reaction heat changes by the 
additives are minimized.  
 
 
Fig. 7. Heat of reaction according to the absorbed amount of CO2 in absorbents 
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3.4. Transfer capacity 
Based on the VLE test, we could estimate the transfer capacity of the absorbent. The VLE test was 
conducted at 30oC and 70oC (Fig. 8.). At 30oC (it represented absorber condition), the VLE curves show 
similar tendency except for the curve of GLY added solution. In case of GLY, the absorbed amount of 
CO2 in ammonia solution was lower than other solutions at same condition. At 70oC (it represented 
stripper condition), the absorbed amount of CO2 were lower than those of 30oC. According to the VLE 
data, when additive A added to ammonia solution, the transfer capacity was larger than other solutions. 
 
 
[Fig. 8] The results of VLE test at 30oC and 70oC 
4. Conclusion    
Ammonia based CO2 capture process is a emerging CO2 capture process as an alternative of MEA 
process. Although this process has many advantages, ammonia slip problem should be minimized. Many 
researchers have been tried to suppress ammonia vaporization and one of the candidates is additive such 
as amine etc. From now on additive studies are focused on ammonia slip and reaction between ammonia 
and additive molecules only, but in this study we tested various parameters, such as ammonia slip, 
reaction heat, and overall mass transfer coefficient and transfer capacity for additive added solutions 
comprehensively. We examined physico-chemical property changes of ammonia solution by the additives, 
previously suggested additives (EG and GLY) [14] and newly suggested additive (additive A). According 
to the experiments, we concluded that the suggested additives are efficient to suppress ammonia 
vaporization and the most effective additive was additive A. However, the reaction heat and mass transfer 
coefficient did not significantly changed by the additives. Practically, the ammonia slip problem is very 
complicated because the ammonia vapor pressure would be impacted by many operation factors, such as 
temperature, pressure, absorbed amount of the CO2 in the solution, ammonia concentration and so on. 
Therefore, comprehensive studies on various physico-chemical properties with additives under the field 
condition should be performed to determine the most effective additive.  
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